Porcine deltacoronavirus nsp5 3C-like protease Interferon-β NEMO A B S T R A C T Porcine deltacoronavirus (PDCoV) causes acute enteric disease and mortality in seronegative neonatal piglets. Previously we have demonstrated that PDCoV infection suppresses the production of interferon-beta (IFN-β), while the detailed mechanisms are poorly understood. Here, we demonstrate that nonstructural protein 5 (nsp5) of PDCoV, the 3C-like protease, significantly inhibits Sendai virus (SEV)-induced IFN-β production by targeting the NF-κB essential modulator (NEMO), confirmed by the diminished function of NEMO cleaved by PDCoV. The PDCoV nsp5 cleavage site in the NEMO protein was identified as glutamine 231, and was identical to the porcine epidemic diarrhea virus nsp5 cleavage site, revealing the likelihood of a common target in NEMO for coronaviruses. Furthermore, this cleavage impaired the ability of NEMO to activate the IFN response and downstream signaling. Taken together, our findings reveal PDCoV nsp5 to be a newly identified IFN antagonist and enhance the understanding of immune evasion by deltacoronaviruses.
Introduction
Porcine deltacoronavirus (PDCoV), a new swine enteropathogenic coronavirus, belongs to the genus Deltacoronavirus in the family Coronaviridae (Woo et al., 2009 (Woo et al., , 2012 . It is an enveloped virus with a single-stranded, positive-sense RNA genome of nearly 25 kb, initially detected in pigs in Hong Kong, China in 2012 (Woo et al., 2012) . The clinical significance of PDCoV has been highlighted since outbreaks of this virus, which causes severe diarrhea and mortality of piglets, occurred in multiple states of the United States in 2014 Homwong et al., 2016; Hu et al., 2015 Hu et al., , 2016 Jung et al., 2015; Ma et al., 2015; Marthaler et al., 2014; Thachil et al., 2015) . Subsequently, reports of PDCoV in China, South Korea and Canada have caused considerable attention to be paid to the strategy employed by this emerging coronavirus to manipulate the host immune response (Dong et al., 2015; Lee et al., 2016) .
The interferons (IFNs) are vital proteins in innate immune signaling, playing a key role in the initial stages of virus invasion. Through the recognition of pathogen-associated molecular patterns by pattern recognition receptors, such as cytoplasmic RIG-I and MDA5, adapter molecules such as IPS-1 can be recruited and subsequently transfer the signal to the IKKα, IKKβ, IKKγ (also called NF-κB essential modulator (NEMO)), TBK1 and IKK-ε. As an essential adapter, NEMO is responsible for the recruitment of TBK1 and IKKε and the activation of IKK complex, leading to the triggering and transportation of NF-κB and IRF3 to the nucleus, both of which induce downstream IFN-β production (Kawai and Akira, 2006; Loo and Gale, 2011; Ramos and Gale, 2011; Seth et al., 2005; Yoneyama and Fujita, 2009) .
Notably, recent studies have demonstrated that several viral proteins encoded by coronaviruses (CoV), such as severe acute respiratory syndrome (SARS) CoV, Middle East respiratory syndrome CoV and mouse hepatitis virus, can modulate innate antiviral signaling Lui et al., 2016; Thornbrough et al., 2016) . Relying on its proteinase activity, CoV non-structural protein 5 (nsp5), also called 3C-like protease or main protease, is responsible for processing the viral polyprotein to produce most of the non-structural proteins during viral replication (Lai and Cavanagh, 1997; Masters, 2006; Perlman and Netland, 2009; Ziebuhr et al., 2000) . The 3C-like protease of the Arterivirus porcine reproductive and respiratory syndrome virus (PRRSV), and the 3 C proteases of foot-and-mouth disease virus (FMDV) and hepatitis A virus (HAV), both of which belong to the Picornaviridae family, are reported to impair innate immune signaling (Huang et al., 2014; Wang et al., 2012 Wang et al., , 2014 . A study published by our lab also demonstrated that nsp5, the 3C-like protease of porcine epidemic diarrhea virus (PEDV), which is classified into the Alphacoronavirus family, antagonizes IFN-β production by cleavage of NEMO . Recently, our research has shown that infection with PDCoV inhibits RIG-I-mediated IFN signaling, although the specific inhibition mechanism remains poorly understood . As such, we were extremely interested to discover whether nsp5 of PDCoV could disrupt type I IFN signaling.
In this study, we reveal that nsp5 of PDCoV antagonizes the type I IFN signaling pathway through the cleavage of NEMO, a critical constituent of the IKK complex, thus representing a newly identified mechanism by which PDCoV evades the innate immune response.
Materials and methods

Cells, viruses, and reagents
Human embryonic kidney cells (HEK-293T) and porcine kidney cells (PK-15) were obtained from the China Center for Type Culture Collection. LLC-PK1 cells for PDCoV infection were purchased from the ATCC (ATCC number CL-101) and cultured at 37°C in 5% CO2 in Dulbecco's Modified Eagle's medium (Invitrogen, USA) supplemented with 10% fetal bovine serum. PDCoV strain CHN-HN-2014 (GenBank number KT336560) isolated from a suckling piglet with severe diarrhea in China in 2014, was the object of this research . Sendai virus (SEV) was acquired from the Center of Virus Resource and Information at the Wuhan Institute of Virology.
Plasmids and luciferase reporter gene assay
The utilized luciferase reporter plasmids of IFN-β-Luc, NF-κB-Luc and IRF3-Luc have been previously described (Wang et al., 2008 (Wang et al., , 2010 . The RIG-I, IPS1, MDA5, NEMO, and the activated mutant of NEMO (NEMO-K277A) expression plasmids were constructed as previously described (Wang et al., 2008 (Wang et al., , 2010 . NEMO and its mutants were cloned into the plasmid pCAGGS-Flag with an Nterminal Flag tag (Wang et al., , 2014 . PDCoV nsp5 was amplified and cloned with a C-terminal hemagglutinin (HA) tag into the expression plasmid pCAGGS-HA-C.
Reporter and various expression plasmids were transfected into HEK-293T cells or PK-15 cells in 24-well plates. Twenty-four hours after transfection, cells were stimulated for 16 h with SEV. Firefly luciferase and renilla luciferase activities of lysed cells were verified with a luciferase reporter assay system (Promega, Madison, WI), and normalized to pRL-TK (Promega).
RNA extraction and quantitative real-time PCR
TRIzol reagent (Invitrogen) and avian myeloblastosis virus reverse transcriptase (TaKaRa, Japan) were utilized for RNA extraction and reverse transcription of cDNA. Each quantitative real-time PCR (qPCR) experiment, evaluated by SYBR green, was performed three times and normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers used for qPCR are detailed in Table 1 .
Western blotting
In western blot analyses, 30 h after transfection, the cells were treated with lysis buffer (Beyotime, China) in 60-mm dishes. The lysates were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore, USA). Following this, an anti-Flag antibody (Macgene, China) , was applied to analyze the expression of proteins such as RIG-I, MDA5, IPS-1, and NEMO. PDCoV nsp5 and its mutant were tested with an anti-HA antibody (MBL, Japan) in western blot analyses. The endogenous NEMO in PDCoV-infected cells was tested with an anti-NEMO polyclonal antibody (ABclonal, China). The expression of PDCoV N-protein was assessed with an anti-PDCoV Nprotein monoclonal antibody . The anti-β-actin mouse monoclonal antibody (Beyotime, China) was applied to distinguish the expression of β-actin and to determine equal loading of each sample.
Results and discussion
PDCoV nsp5 suppresses IFN-β promoter activation
Coronavirus nsp5 plays an indispensable role in viral replication and immunoregulation. To characterize PDCoV nsp5 with regards to type I IFN signaling, we constructed an expression vector encoding the nsp5 of PDCoV and determined its impact on SEV-induced IFN-β synthesis. Firstly, the cytotoxicity of PDCoV nsp5 in transiently transfected PK-15 and HEK-293T cells was evaluated using the methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay. As shown in Fig. 1A and Fig. 1B , no detectable cytotoxicity could be observed in cells transfected with nsp5 expression plasmid equal to or less than 1.0 μg in 24-well cell culture plates. Further, the data presented in Fig. 1C and D revealed that nsp5 exhibited strong inhibition of SEVinduced IFN-β promoter activity in both cell types. The SEV-induced IFN-β protein in the supernatant was also strongly decreased under the ectopic expression of PDCoV nsp5 in HEK-293T cells (Fig. 1E) . Moreover, nsp5 inhibited the activity of both IRF3 and NF-κB-dependent promoters in a dose-dependent manner ( Fig. 1F and G) . These data revealed the antagonistic role of PDCoV nsp5 in type I IFN signaling.
As the nsp5 of CoV contains the catalytic residue Cys144, a point mutation here could disrupt protease activity (Anand et al., 2003; Hsu et al., 2005; Ye et al., 2016) . Consistent with this, sequence alignment showed that Cys144 (numbering based on PDCoV nsp5) residues are highly conserved among other CoV subfamilies ( Fig. 2A) . Conversely to the activity of wild-type PDCoV nsp5, the activity of SEV-induced IFN-β promoter was strongly restored upon the overexpression of nsp5 C144A (Fig. 2B) , implying that the protease activity of PDCoV nsp5 participated in IFN-β antagonism.
PDCoV nsp5 cleaves NEMO to disrupt RIG-I/MDA5 signaling
To verify at which point in the signaling cascade nsp5 facilitated its inhibitory role, we assessed several crucial molecules in the MDA5/ RIG-I signaling pathway, which play an important role in induction of IFN-β production (Yoneyama and Fujita, 2007) , including RIG-I, MDA5, IPS-1, NEMO, and TBK1. Similar to previous studies, overexpression of these crucial molecules significantly activated the IFN-β promoter compared with cells transfected with the empty vector control (Siu et al., 2014; Wang et al., 2012 Wang et al., , 2016 . However, PDCoV 
Primer
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nsp5 notably impaired the activation of the IFN-β promoter upon stimulation by RIG-I, MDA5, IPS-1 and NEMO. In contrast, TBK1-induced activation of the IFN-β promoter was not affected by nsp5 (Fig. 3A) , suggesting that PDCoV nsp5 inhibits RIG-I/MDA5 signaling by targeting NEMO or other upstream proteins. Due to the indispensable role of PDCoV nsp5 protease activity in IFN-β antagonism, we speculated that PDCoV nsp5 cleaved NEMO or an upstream molecule to impair type I IFN signaling. Thus, RIG-I, MDA5, IPS-1 or NEMO were co-transfected with nsp5 into HEK-293T cells. Western blotting showed a smaller band (~24 kDa) in the NEMO/PDCoV nsp5 coexpression samples, while no similar cleavage products were detected with RIG-I, MDA5 or IPS-1 co-transfections (Fig. 3B) . Furthermore, the cleavage of NEMO increased gradually with increasing transfection dose of PDCoV nsp5 (Fig. 3C ) and the cleaved product could not be observed following transfection with the nsp5 C144A mutant lacking protease activity (Fig. 3D ). These data indicate that PDCoV nsp5, relying on its protease activity, targets the essential molecule NEMO for cleavage. In order to evaluate the real effect of this cleavage on endogenous NEMO protein in viral infection, LLC-PK1 cells were infected with PDCoV at a multiplicity of infection of 0.1 and harvested at 6 h, 12 h, and 24 h post-infection. The results in Fig. 3E indicate that endogenous NEMO was clearly reduced within 6 h of infection and the reduction in NEMO correlated with the duration of PDCoV infection. However, no difference was detected in NEMO mRNA levels between mock-and PDCoV-infected cells at any time during infection (Fig. 3F) . The above results indicate that degradation of NEMO occurs only in PDCoV infection, without affecting transcription. The amino acid sequences were from GenBank entries with the following accession numbers: PDCoV, ALS54085.1; Porcine epidemic diarrhea virus (PEDV), AFQ37597.1; human coronaviruses 229E (HCoV 229E), AGW80947.1; Middle East respiratory syndrome coronavirus (MERS-CoV), AGV08401.1; severe acute respiratory syndrome coronavirus (SARS-CoV), NP_828850.1. They were analyzed using the website (http://www.ebi.ac.uk/Tools/msa/clustalo/). (B) HEK-293T cells were transfected with expression plasmids encoding PDCoV nsp5 or its protease-defective mutant C144A, for analyzing IFN-β promoter activity followed by stimulation and harvest as described in Fig. 1D . ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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PDCoV nsp5 cleaves the glutamine 231 (Q231) of NEMO
The specific preference for substrate cleavage by CoV nsp5 has been previously reported as glutamine (Q) at the P1 position (Chuck et al., 2010 (Chuck et al., , 2011 . As such, we examined the P1 position residue of NEMO recognized by PDCoV nsp5. Considering the 24 kDa molecular weight of the cleaved product (N-terminal), a series of NEMO mutants were constructed between amino acids 210 and 263 (Fig. 4A) . The WT or mutated NEMO proteins were co-transfected into HEK-293T cells with PDCoV nsp5. The results indicated that Q218A, Q236A/Q239A or Q259A mutations were cleaved by PDCoV nsp5 normally, while Q229A or Q231A mutations was resistant to cleavage (Fig. 4B) . As previously found, the common substrate preference of CoV nsp5 consists of leucine (L) at the P2 position and glutamine, lysine (K) or isoleucine (I), all of which contain a long side-chain and positive charge, at the P3 position (Chuck et al., 2010 (Chuck et al., , 2011 Wang et al., 2016) . We speculated that if Q231 is the P1 residue, then the recognition and cleavage of Q231 by PDCoV nsp5 could be affected by a Q229A mutation (Fig. 4C) . Therefore, two Q229 mutants at the speculated P3 position were substituted with lysine or arginine (R) which also has a long side- LLC-PK1 cells were infected with PDCoV as described in panel E, harvested at different times post-infection and analyzed for NEMO mRNA levels by qPCR, using SYBR green. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001. chain and positive charge. Evidently, Q229K and Q229R mutation can be cleaved to produce the same cleavage product as WT NEMO (Fig. 4D) , revealing that Q231, but not Q229, is the P1 position residue cleaved by PDCoV nsp5. Docking studies between CoV nsp5 and substrate showed that through van der Waals interactions, the side chain of P3 residues could interact with the side chain of glutamic acid at residue 164 (Xue et al., 2008) . The homology model for PEDV nsp5 and the NEMO peptide substrate also illustrated that a long side chain in the P3 position strongly supported nsp5-substrate recognition . These studies provide important clues for the PDCoV nsp5-NEMO interaction and give a possible explanation for the finding that mutant Q229A, but not Q229K or Q229R, significantly impaired cleavage by PDCoV nsp5.
PDCoV nsp5-mediated NEMO cleavage limits the activation of type I IFN signaling
To assess the influence of NEMO cleavage by PDCoV nsp5 in type I IFN signaling, a constitutively active NEMO mutant, NEMO-K277A, was used, leading to more efficient activation of the IFN-β promoter compared with WT NEMO (Bloor et al., 2008; Wang et al., 2016 Wang et al., , 2014 . The K277A mutation has the same cleavage site as WT NEMO, with the PDCoV nsp5 P1 recognition site also being Q231 (Fig. 5A) . Hence, the IFN-β promoter activated by NEMO-K277A, was suppressed by PDCoV nsp5 in a dose-dependent manner and this suppression was lost upon the expression of the protease-defective nsp5 C144A mutant ( Fig. 5B and C) .
To evaluate the activity of the cleavage fragment in activation of the IFN response, NEMO-K277A (1-231AA), NEMO-K277A (232-419AA) or NEMO-K277A (full) expression plasmids were transfected into PK-15 cells. Quantitative PCR showed that mRNA levels of immunerelated molecules, such as ISG54, ISG56, MX1, OAS1, and RANTES, were not successfully induced by the cleaved fragments of 1-231 or 232-419 (Fig. 5D) . A previous study of PEDV nsp5 showed that cleavage fragments of NEMO did not activate IFN-β, IRF3 or NF-κB-dependent promoters . As the cleavage site Q231 is identical for both PEDV and PDCoV nsp5, these results together demonstrate that PDCoV nsp5-induced cleavage fragments lack the capacity to activate the type I IFN response and downstream signaling, revealing that the role of NEMO in type I IFN signaling can be significantly inhibited following cleavage by PDCoV nsp5.
So far, evidence presented by recent studies has shown that the 3C and 3C-like proteases of different viruses cleave NEMO at multiple residues, such as Q383 and Q304 targeted by FMDV and HAV 3C proteases, E349 targeted by PRRSV 3C-like proteases and Q231 targeted by PEDV 3C-like protease, leading to disruption of IFN-β production (Huang et al., 2014; Wang et al., 2012 Wang et al., , 2016 Wang et al., , 2014 and implying that NEMO is a common target easily hijacked by viral proteases. In particular, the conserved Q231 residue recognized by both PDCoV nsp5 and PEDV nsp5 prompted us to speculate that the same IFN antagonistic mechanism may be common to members of the Coronaviridae family. It is worth investigating whether nsp5 from different CoV genera, including Alpha-, Beta-, Gamma-, and Deltacoronaviruses, retain the ability to cleave NEMO and comparing this property between the different CoV genera.
In summary, our research demonstrated that PDCoV nsp5 has the capacity to impede generation of IFN-β. As a new IFN antagonist encoded by a deltacoronavirus, PDCoV nsp5 induced the cleavage of NEMO at the conserved residue Q231, leading to suppression of the type I IFN signaling pathway. Our research provides new insights into strategies and tactics employed by PDCoV in host innate immune evasion. 1-231AA) , NEMO-K277A (232-419AA) or empty vector were transfected into PK-15 cells. After 32 h, PK-15 cells were analyzed for ISG54, ISG56, MX1, OAS1, RANTES mRNA levels in qPCR, using SYBR green. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
